Species richness in freshwater bony fishes depends on two main processes: the transition into and the diversification within freshwater habitats. In contrast to bony fishes, only few cartilaginous fishes, mostly stingrays (Myliobatoidei), were able to colonize fresh water. Respective transition processes have been mainly assessed from a physiological and morphological perspective, indicating that the freshwater lifestyle is strongly limited by the ability to perform osmoregulatory adaptations. However, the transition history and the effect of physiological constraints on the diversification in stingrays remain poorly understood. Herein, we estimated the geographic pathways of freshwater colonization and inferred the mode of habitat transitions. Further, we assessed habitat-related speciation rates in a time-calibrated phylogenetic framework to understand factors driving the transition of stingrays into and the diversification within fresh water. Using South American and Southeast Asian freshwater taxa as model organisms, we found one independent freshwater colonization event by stingrays in South America and at least three in Southeast Asia. We revealed that vicariant processes most likely caused freshwater transition during the time of major marine incursions. The habitat transition rates indicate that brackish water species switch preferably back into marine than forth into freshwater habitats. Moreover, our results showed significantly lower diversification rates in brackish water lineages, whereas freshwater and marine lineages exhibit similar rates. Thus, brackish water habitats may have functioned as evolutionary bottlenecks for the colonization of fresh water by stingrays, probably because of the higher variability of environmental conditions in brackish water.
Introduction
Approximately 50% of all extant vertebrate species are fishes, c. 96% of which belong to the bony fishes (Osteichthyes) and c. 3.5% to the cartilaginous fishes (Chondrichthyes; Nelson, 2006) . Bony fishes show a comparable species richness in marine and freshwater habitats (Levêque et al., 2008) , although the habitable volume is strikingly different: 99.9% vs. 0.01%, respectively (Lundberg et al., 2000) . This hyperdiversity in freshwater systems relative to its occupiable area leads to the assumption that these habitats may have promoted increased rates of allopatric and ecological speciation (Schluter, 2000; Betancur-R et al., 2012; Seehausen & Wagner, 2014) . Several studies on bony fishes indicated that two major processes drive freshwater species richness: the transition into freshwater habitats and the diversification after successful colonization (Betancur-R et al., 2012; Davis et al., 2012) . The former process has been mainly attributed to major geological events such as marine incursions (inundation of continents) leading to vicariant freshwater colonizations (Wilson et al., 2008; Yamanoue et al., 2011) . Interestingly, reported freshwater net diversification rates (speciation minus extinction rates) are either equal (Vega & Wiens, 2012; Bloom et al., 2013) or even lower (Santini et al., 2013; Betancur-R et al., 2015) than those in marine lineages. This has been related to high extinction rates in freshwater systems due to, for example, habitat fragmentation (Bloom et al., 2013) or decreased speciation rates due to, for example, competition with the prevailing fauna (Betancur-R et al., 2012) . In comparison with marine and freshwater species, diversification rates of brackish water species received less attention (but see Santini et al., 2013) . Notably, the modern freshwater fish fauna most likely derived from welladapted brackish water ancestors (Coates, 1993; Bloom & Lovejoy, 2011) , and high species richness in brackish water may thus increase the chance of successful colonization of fresh water.
In contrast to bony fishes, fewer than 40 species of cartilaginous fishes (of a total of 1188 species; Froese & Pauly, 2014; IUCN, 2015; Weigmann, 2016) were able to colonize freshwater habitats, either temporarily, such as the bull shark (Carcharhinus leucas) and the largetooth sawfish (Pristis microdon), or permanently such as freshwater stingrays -the most species-rich obligate freshwater group within cartilaginous fishes (Compagno, 1990; Ballantyne & Robinson, 2010) . The 34 species of freshwater stingrays (of 218 species in 25 genera and seven families) are distributed in South America (Potamotrygonidae, 25 species), Southeast Asia (Dasyatidae, six species), Central Africa (Dasyatidae, two species), and Northern Australia (Dasyatidae, one species) (Froese & Pauly, 2014; IUCN, 2015) . Their distribution areas are strongly correlated with richness 'hotspots' of freshwater bony fishes (Berra, 2001; Mooi & Gill, 2002; Levêque et al., 2008) .
Previous studies on habitat transitions in cartilaginous fishes mainly focused on physiological and morphological aspects (Piermarini & Evans, 1998; Speers-Roesch et al., 2006; Marzullo et al., 2011) and indicated that the transition to a freshwater lifestyle involves major changes in osmoregulatory mechanisms, resulting in secondary effects on, for example, electroreception (Marzullo et al., 2011) , functionality of gills and kidneys (Duncan et al., 2010; Wosnick & Freire, 2013) , and sperm motility (Hamlett, 1999) .
Constrained by various osmoregulatory mechanisms, three adaptive stages during marine-to-freshwater transition were proposed by Ballantyne & Robinson (2010) : (i) brackish water species temporarily enter fresh water (e.g. Dasyatis sabina), (ii) species remain longer periods in fresh water but maintain their tolerance to higher salinities (e.g. Himantura signifer), and (iii) species permanently reside in fresh water and lose their tolerance to higher salinities (Potamotrygonidae).
However, habitat transition in cartilaginous fishes from marine to freshwater systems has not yet been assessed from an evolutionary perspective. Despite the fact that freshwater cartilaginous fishes show similar biogeographical patterns as bony fishes (Mooi & Gill, 2002) and that marine incursions have been suggested to drive the colonization of fresh water by stingrays (Lovejoy et al., 2006; Bloom & Lovejoy, 2011) , the role of anagenetic habitat transitions vs. vicariance in freshwater transition processes remains poorly understood. Furthermore, previous physiological studies suggested that the evolution of freshwater lifestyles is mainly limited by the physiological constraints of the new habitat. However, it remains unclear which of the adaptive stages proposed by Ballantyne & Robinson (2010) poses the strongest constraint on freshwater colonization.
Here, we aim at assessing the evolutionary consequences of physiological and ecological constraints for the colonization of fresh water by cartilaginous fishes. The two major freshwater clades of stingrays, occurring in South America and Southeast Asia, were used as model taxa to assess (i) the phylogenetic relationships of freshwater stingrays based on mitochondrial and nuclear markers, representing all extant stingray genera; (ii) the timing of freshwater colonization events by inferring divergence times among stingrays using a fossil-constrained phylogeny; (iii) the geographic pathway of freshwater colonization by estimating ancestral areas within a biogeographical framework; (iv) the frequency and mode of transition to freshwater systems by fitting models of anagenetic and cladogenetic habitat transition; and (v) the effect of habitat transition on rates of diversification. Given the low species richness of cartilaginous fishes observed in freshwater habitats and the physiological constraints outlined above, we expect a decrease in the net diversification rate of freshwater lineages compared to marine congeners. We identified at least four independent freshwater colonization events by stingrays, which started between the Late Cretaceous and the Mid-Eocene. We revealed that vicariant processes most likely caused freshwater transitions during the time of major marine incursions. Furthermore, we found that freshwater and marine lineages diversified at equal rates, whereas brackish water lineages exhibit significantly lower diversification rates. This indicates a pivotal role of brackish water systems as bottleneck for freshwater colonization processes.
Materials and methods

Molecular and ecological data
The molecular data set comprised sequences from two nuclear (RAG-1 and SCFD2) and four mitochondrial genes (16S rRNA, COI, cyt b and ND2) of 89 in-group species representing all 26 genera of Myliobatiformes (1 panray and 25 stingray genera). Most sequences were obtained from GenBank. Additional sequences were provided by Gavin Naylor (Charleston, SC, USA) or newly generated in our laboratory (for accession numbers, see Table S1 ; for PCR protocols and primers used in our laboratory, see Supporting Information). One representative of three of four currently accepted Batoidea orders, besides the Myliobatiformes, were included as outgroup taxa: Narcine tasmaniensis (Torpediniformes), Pristis clavata (Pristiformes), and Rhinobatos glaucostigma (Rajiformes).
Habitat preferences and global distribution patterns were obtained from the online databases Fishbase v6 (Froese & Pauly, 2014) and IUCN Red List, as well as the literature (Lasso et al., 2013;  Table S2 ). Taxa were categorized into obligate freshwater, brackish water, and marine species. Focusing on evolutionary processes in South America and Southeast Asia, our data set included 55 of 139 described worldwide marine stingray species (40%), 23 of 45 brackish water species (51%), and 10 of 34 freshwater species (29%). The geographic distribution of taxa was categorized according to the temperate and tropical realms defined by Spalding et al. (2007) . Accordingly, marine and brackish water taxa were classified into eight geographic areas and two additional categories were used for freshwater taxa in South America vs. Southeast Asia (Table S2 ).
Phylogenetic and divergence time analyses
Sequences for each gene were aligned in Prankster (L€ oytynoja & Goldman, 2010) using the Tamura-Nei substitution model with empirical base frequencies and default settings for gap penalties. Only sites with a posterior probability ≥ 80% were kept for subsequent analyses. Missing data at the 3 0 and 5 0 ends were minimized by trimming the ends of each gene alignment resulting in 1526 base pairs (bp) for the 16S rRNA gene, 1545 bp for COI, 1142 bp for cyt b, 1044 bp for ND2, 1918 bp for RAG-1 and 582 bp for SCFD2, thus resulting in a total alignment of 7757 bp. In terms of sequence coverage, the molecular data set included the 16S rRNA gene for 51% of the species, COI for 88%, cyt b for 61%, ND2 for 87%, RAG-1 for 58% and SCFD2 for 40% (Table S1 ). Substitutional saturation was assessed using the test of Xia & Lemey (2009) as implemented in DAMBE5 (Xia, 2013) , showing insignificant saturation for all partitions. We used jModelTest v2.1.7 (Darriba et al., 2012) to select the best-fit model of sequence evolution applying the Akaike Information Criterion (AIC) or the corrected AIC (AICc) in case of sample sizes being small compared to the number of parameters (Abascal et al., 2005) . The following substitution models were assigned to each partition: TIM2+I+C for 16S and ND2, TVM+I+C for COI, TIM3+I+C for cyt b, GTR+C for RAG-1, and TPM3+C for SCFD2.
Phylogenetic relationships and divergence times were inferred by Bayesian inference using BEAST v1.8.2. (Drummond et al., 2012) , running on the CIPRES cluster (Miller et al., 2010) . Divergence time estimates were based on a birth-death tree prior, using two fossil calibration points (see Section Fossil Calibration). The final analysis was performed using an uncorrelated lognormal relaxed-clock model because it was strongly preferred over a strict-clock model by the Bayes factor analysis (Bayes factor K > 550), performed in Tracer v1.6 (Rambaut et al., 2014) . Markov chain Monte Carlo (MCMC) simulations were run for 100 million generations sampling every 2500th iteration. The effective sample size (ESS) for all inferred parameters was assessed with Tracer, and stationarity of parameters was assumed when ESS were > 200 (sensu Drummond et al., 2007) . Three independent BEAST runs were carried out and combined with LogCombiner v1.8.2 (software of the BEAST package), after discarding 50% as burn-in. A maximum clade credibility (MCC) tree from these 60 000 trees was identified in TreeAnnotator v1.8.2 (BEAST package).
We further tested whether the analysis could be improved by PartitionFinder (Lanfear et al., 2012; settings: substitution models implemented in BEAST, AIC, greedy algorithm) to identify the optimal partitioning scheme. Accordingly, the alignment was subdivided a priori accounting for each codon position of the protein-coding genes plus the single 16S rRNA data block, resulting in a total of 15 data blocks. We run three replicates of the BEAST analysis without reaching convergence, which may indicate overparameterization of this complex partitioning scheme (Sullivan & Joyce, 2005) . However, the MCC tree of the combined set of three runs (50% burn-in) revealed an identical topology with highly similar divergence time estimates [e.g. 
Fossil calibration
The fossil record of rays and sharks is mostly limited to teeth, because taphonomic processes cause fragmentation of poorly calcified skeletal structures of cartilaginous fishes before burial within sediments (Maisey, 2012) . Two fossil calibration points were included in this study: (i) Potamotrygon ucayalensis was described as the oldest fossil of the South American freshwater stingray genus Potamotrygon based on 67 fossil teeth found in the Peruvian Amazonia and thus provided a minimum age for the Potamotrygonidae of c. 41 Myr (Adnet et al., 2014) , and (ii) the oldest fossil of the butterfly stingray genus Gymnura, G. delpiti, was reported from phosphatic deposits in Morocco and dates back to the Thanetian, c. 55.8 Myr ago (Cappetta, 1984) . We used a lognormal distribution prior for both fossil calibration points with an offset of 40.0 and a standard deviation of 0.4 for P. ucayalensis and an offset of 55.6 and a standard deviation of 0.8 for G. delpiti.
Freshwater colonization pathways and diversification rate analyses
We estimated the pathways of freshwater colonization by fitting six different historical biogeography models within a maximum-likelihood (ML) framework using the R package BioGeoBEARS v0.2.1 (Matzke, 2013) . Specifically, we fitted the dispersal-extinction-cladogenesis (DEC; Ree et al., 2008) , dispersal-vicariance (DIVA-like; ML implementation of Ronquist, 1997) , and a strictly anagenetic model (BayArea-like; ML implementation of Landis et al., 2013) . We also tested for founder event range evolution in all models (+J models; Matzke, 2014) . Our BioGeoBEARS set-up included nine geographic areas (Tables S2 & S3) with lineages being allowed to occur in a maximum of five combined areas. Moreover, the implausible combination of the South American and Southeast Asian freshwater areas was disallowed and all models were time-stratified so that during certain time intervals the possible ancestral areas were restricted according to palaeogeographic reconstructions of ocean and river basins (Table S3) . We also incorporated the ancestral area of one of our fossil calibration points, G. delpiti, by constraining the respective node of our phylogeny to contain only ranges that include the North Atlantic Ocean. We did not integrate the second fossil because it represents the most recent common ancestor of a paraphyletic group (see Section Phylogenetic Relationships) and thus, constraining the geographic range of a single node was not possible. AIC-based model comparison identified the best-fit model of historical biogeography.
After assessing the geographic pathways of freshwater colonization, we evaluated the evolutionary consequences of habitat transitions. For the correct specification of models that test habitat-dependent diversification (Fitzjohn, 2012) and to perform ancestral habitat estimation, it is crucial to identify first shifts in speciation and extinction rates (King & Lee, 2015; Harrington & Reeder, 2016) . Therefore, we inferred changes in speciation and extinction rates, as well as lineage-specific shifts in these rates using the Bayesian analysis of macroevolutionary mixtures (BAMM). The respective model traverses from the tips to the root of a phylogenetic tree with a background speciation and extinction rate that may change gradually over time. In addition, shifts in these rates are placed along lineages and the likelihood under these model parameters is calculated according to Rabosky (2014) . A reversible-jump MCMC algorithm varies the parameters of gradually changing rates over time as well as the number and position of rate shifts, while sampling the likelihood surface. The most likely number of rate shifts can then be identified by computing the Bayes factor, which compares the frequency distribution of inferred rate shifts (i.e. the BAMM posterior) with the prior probability of rate shifts (Shi & Rabosky, 2015) .
Following Shi & Rabosky (2015) , we included phylogenetic uncertainty by running separate BAMM analyses for 1000 post-burn-in BEAST posterior trees and combined their individual posterior distribution of rate shifts. We accounted for incomplete taxon sampling by specifying a separate sampling fraction for each stingray family (Table S4 ). The analyses were run in BAMM v2.5.0 (Rabosky, 2014) , sampling every 10 000th generation of a total of 9 million post-burn-in generations. We computed the exponential prior of rate shifts and K in BAMMtools v2.1.4 for the R v3.3.2 statistical environment (R Core Team, 2016) .
A recent study criticized the likelihood equation and prior sensitivity of the BAMM approach ; but see Rabosky et al., 2017) . Because raised similar critics on alternative approaches, we subjected the rate shifts identified in BAMM to an independent, hypothesis-driven validation by performing an AIC-based model comparison of birth-death models with or without rate shifts. We fitted these diversification models, including the respective sampling fraction (Table S4 ), using the R package diversitree v0.9-9 (Fitzjohn, 2012) .
After identifying shifts in the diversification rate, which are potentially not caused by habitat transitions, we tested for differences in habitat-specific diversification and transition rates (i.e. obligate fresh water, brackish water, and marine) and the mode of habitat transition (i.e. during anagenesis or cladogenesis). We used two approaches implemented in the R package diversitree with different, partially exclusive, features.
First, the multiple state speciation and extinction (MuSSE) model (Fitzjohn, 2012 ) uses a phylogenetic birth-death model where speciation (k) and extinction (l) rates may vary by state (i.e. habitat category). It also includes variable rates of anagenetic transitions (q) between these states, which in the case of differences in k or l among the states will alter the diversification pattern, for example, descending from the location of a habitat change towards the tips of the phylogeny. Because we identified a shift in net diversification rate in the BAMM analysis, which may confound with habitat-specific rates (see above), and due to our uneven sampling (see our approach for the BAMM analysis; Table S4 ), we used the make.musse.split function of the diversitree package as it can handle both cases simultaneously. Utilizing this package, we also estimated ancestral habitat states based on the revealed speciation, extinction, and habitat transition rates.
Second, the cladogenetic state change speciation and extinction (ClaSSE) model (Goldberg & Igi c, 2012) includes additional parameters referring to cladogenetic habitat changes, whereas in the MuSSE model the habitat state cannot change at speciation events. A rate of cladogenetic habitat changes greater than zero (e.g. k M->MB , i.e. the marine ancestral lineage splits into one marine and one brackish water descendent) suggests vicariant speciation events. In contrast to MuSSE, the ClaSSE implementation in diversitree does not feature the possibility of (i) including shifts in diversification, (ii) a clade-wise specification of taxon sampling, and (iii) ancestral habitat estimation. We therefore excluded
the two slowly evolving monotypic genera Zanobatus and Hexatrygon (see Results section) and explored the consequences of the second limitation by comparing the rates of the MuSSE model with the equivalent ClaSSE model without any cladogenetic habitat changes but using a tree-wide sampling fraction.
For both approaches, speciation, extinction, and transition rates were estimated by maximizing the likelihood of observing the given phylogeny with its extant character states (Maddison et al., 2007) . Because extinction rates are notoriously difficult to estimate from molecular phylogenies (Rabosky, 2010) , and our BAMM analysis inferred very low extinction rates, we followed Santini et al. (2013) and Sorenson et al. (2014) and included only models where extinction rates were equal among habitats. Considering challenging physiological adaptations and biotic barriers (Bloom & Lovejoy, 2011) , direct transitions between marine and freshwater systems are not allowed (Santini et al., 2013) . The ClaSSE approach, in principle, allows the transition from an ancestral brackish water state to daughter species living in marine and freshwater habitats at speciation events. The authors, however, did not recommend such biological unlikely three-state transition (Fitzjohn, 2012) .
We then used an AIC-based model comparison to identify the best-fit diversification model with either constant or habitat-specific speciation rates, and their combination with equal or varying anagenetic and cladogenetic habitat transition rates. For the best model, we quantified the uncertainty of these rates by Bayesian inference using 20 000 MCMC generations with uniform rate priors. Davis et al. (2013) demonstrated that a state-dependent speciation and extinction analysis might not be robust for small data sets. Even though our taxon sampling is, to our knowledge, the most complete one at the genus level, it does not include all species and is unequal among habitats. Therefore, we subjected all equally best-performing models (i.e. DAIC < 4 to the best model) to a power analysis, evaluating the risk that we identified an effect although the data set may not provide enough statistical power (false-positive), and not finding an effect although there is an effect (false negative; see supplementary material and methods).
Results
Phylogenetic relationships
The phylogenetic analysis of the multilocus data set strongly suggested that the suborder Myliobatoidei as well as all stingray families are monophyletic (posterior probabilities, pp ≥ 0.99; Figs 1 and S1), except for the Urolophidae and Dasyatidae. Stingrays are subdivided into two well-supported major clades (pp = 0.96 and pp = 1.0), with Hexatrygon bickelli being the sister taxon.
The first major clade (clade 1; Fig. 1 ) included the second largest family, Myliobatidae (eagle rays), as well as the families Gymnuridae (butterfly rays) and Urolophidae (round stingrays). This clade comprised mainly marine and few brackish water species widely distributed throughout temperate and tropical regions.
The second major clade (clade 2; Fig. 1 ) included the most species-rich family Dasyatidae, the South American freshwater family Potamotrygonidae, and the marine family Urotrygonidae. This clade comprised all South American and Southeast Asian freshwater species studied (subclades A-D) as well as more than 60% of all brackish water species. The only freshwater stingray of the genus Dasyatis included in this study (Dasyatis laosensis) was placed within a marine-brackish water clade, which was deeply nested in a predominantly marine clade. The dasyatid genus Pastinachus and the genus Himantura formed a well-supported clade (pp = 0.90) and are sister to the remaining dasyatids. The genus Himantura is subdivided into two clades, one comprising mainly marine species and a second including marine, brackish water as well as freshwater taxa. The freshwater species Himantura kittipongi, H. oxyrhyncha and H. signifer clustered together, whereas Himantura polylepis was more closely related to the brackish water species H. lobistoma as well as to the weakly supported clade of the brackish water species H. granulata and the marine dasyatid Urogymnus asperrimus (pp = 0.44). Within the South American freshwater family Potamotrygonidae, the most species-rich genus Potamotrygon was rendered paraphyletic by Plesiotrygon iwamae. The genera Heliotrygon and Paratrygon were recovered as sister clade to the Potamotrygon/Plesiotrygon clade. Himantura schmardae, a marine stingray found along the coasts of Yucatan, Cuba and the South American Caribbean, clustered as sister to the Potamotrygonidae.
Divergence time analyses
The stem age of stingrays was inferred to be c. 195 Myr 95% highest posterior densitie (HPD), highest posterior density; see Figs. 1 and S2, and Table 1 ]. The stem ages of individual stingray families date back from the Late Cretaceous to the Early Cretaceous (98.14-141.98 Myr). The analysis of lineages associated with freshwater systems (subclades A-D; Fig.1 
Freshwater colonization and diversification processes
To estimate the pathways of freshwater colonization, the dispersal-extinction-cladogenesis with founder event speciation (DEC+J) was selected as the best-fit model of our BioGeoBEARS analysis (Table S5) . According to this model of range evolution, the area of origin of all stingray families was the Central Eastern Indo-Pacific (Fig. 2) , except for Potamotrygonidae and Urotrygonidae, which were associated with South American freshwater systems and the tropical eastern Pacific, respectively. The Central Eastern Indo-Pacific was estimated as the area of the most recent common ancestor of the Southeast Asian freshwater clade and also of H. polylepis, whereas the temperate Northern Pacific was revealed as ancestral area of the freshwater species D. laosensis.
Considering phylogenetic uncertainties, our BAMM analysis favoured a single shift in the diversification rate over no shift (K = 7.2), whereas a second shift was not preferred to the single rate shift (K = 1.7). The shift in diversification rate was associated with the onset of stingray diversification (Fig. S3) . In our validation approach using the birth-death model of the diversitree package, this shift was also favoured over no shift in the diversification rate (DAIC = 27.11).
The ancestral habitat estimation based on the MuSSE analysis indicated at least four independent transitions of stingrays to fresh water (Fig. 3) . The genus Dasyatis colonized fresh water in Southeast Asia during the last 10 Myr once. In contrast, the genus Himantura may have colonized freshwater systems in Southeast Asia twice: H. polylepis from the Malay Archipelago during the last 41 Myr, and H. oxyrhyncha/H. signifier/H. kittipongi, located in river systems from Thailand to China, between c. 18-49 Myr ago. The Potamotrygonidae colonized fresh water once, most likely between c. 44-85 Myr ago, as the common ancestor of the H. schmardae/Potamotrygonidae clade displayed a higher probability for occupying marine than freshwater habitats. No ancestral state for brackish water habitat appears at the nodes, but according to the specifications of our MuSSE model of anagenetic habitat transitions, transition to fresh water needs to happen always through brackish water. Brackish waters were colonized independently at least 27 times, four times during transitions to fresh water and 23 times by extant brackish water species (Fig. 3) .
The MuSSE and ClaSSE analyses revealed that habitat types had a differential effect on speciation. We found the highest support for a ClaSSE model in which the speciation rate in brackish water was zero but equal in marine and freshwater habitats (Table S6) . Moreover, anagenetic habitat transition rates were equal among habitats but without transitions between brackish and fresh water ( Fig. 4 ; Table S6 ). The mode of transition from brackish to fresh water was strictly cladogenetic and equalled the rate of cladogenetic habitat transition between brackish-to-marine and freshwater-to-brackish habitats. This best-fit model did not include cladogenetic marine-to-brackish transitions (Fig. 5) .
However, we found eight models that did not receive substantially less support than the best one (ΔAIC < 4), which means none of them is clearly preferred to the others (Table S6 ). All of these models included a low brackish water speciation rate and they often represented a more complex evolutionary scenario by featuring either additionally (i) cladogenetic transition from marine to brackish water and/or anagenetic transitions between brackish and fresh water, or (ii) a brackish water extinction rate 2500 times higher than in marine and freshwater habitats, resulting in a negative net diversification of brackish water stingrays. These models indicate that (i) models with pure anagenetic habitat Myr, millions of years Stem and crown age for 12 nodes of the phylogenetic tree shown in Fig. 1 . Posterior means and highest posterior densities (HPDs) in parentheses are based on the fossil-calibrated relaxed molecularclock analysis performed in BEAST. Fig. 1 Time-calibrated phylogeny of stingrays. The multilocus relaxed-clock MCC tree of stingray evolution was inferred in BEAST. Numbers and letters refer to ages of important nodes and freshwater clades, respectively (see also transitions show a similar model fit than our best model, (ii) estimated rates of MuSSE and ClaSSE models without cladogenetic transitions are highly similar, and (iii) comparing the summed rates of anagenetic and cladogenetic habitat transitions out of brackish water habitats showed that transitions into marine habitats are often faster but never slower than those into fresh water (Table S6) .
Our power analysis showed that the evolutionary scenario with the lowest AIC (i.e. no marine-freshwater transition and low brackish water speciation rate) and all models within ΔAIC < 4 to the best model, with the notable exception of the high brackish water extinction model, had a power between 57.8% and 100.0% of identifying the correct scenario, suggesting little falsepositive support (Table S7) . Importantly, none of these power analyses wrongly identified a simple model with habitat-independent speciation and transition rates as the correct evolutionary scenario. However, the scenario of high brackish water extinction rate may suffer false-positive support (Table S7) .
Discussion
Given the low cartilaginous fish richness in freshwater systems, we expected diversification processes of stingrays to be strongly limited in these habitats. However, our results indicate that freshwater stingrays diversified at similar rates as marine lineages, whereas brackish water lineages speciated at significantly lower rates. Moreover, we found that vicariance has been the most likely process driving freshwater colonization, although a combination with anagenetic transition cannot be excluded. We first discuss the results of the phylogenetic and divergence time analyses in the light of previous phylogenetic studies. Then, the effect of habitat type on diversification processes in stingrays will be discussed, with special emphasis on freshwater colonization.
Phylogenetic relationships and divergence time estimates
The main phylogenetic relationships among stingrays inferred in the current study are highly congruent with the most complete elasmobranch phylogeny to date (Naylor et al., 2012), a study based on a single mitochondrial marker (ND2). In fact, our study revealed the same two major stingray clades and similar family-level interrelationships. Intergeneric relationships mainly differ within the Urolophidae and in respect to the position of the genus Himantura within the Dasyatidae. Interestingly, the divergence times inferred in our study are on average 30-50 Myr older compared to those published by Aschliman et al. (2012) . Our time estimates of stem ages suggest that stingrays diverged from their sister lineage in the Early Jurassic and that the onset of major stingray diversifications occurred prior to the Eocene and Oligocene, which contrasts previous estimates of a Late Jurassic/Early Cretaceous origin (Aschliman et al., 2012) . The difference in divergence times between Aschliman et al. (2012) and the current study is most likely caused by the novel Potamotrygon fossil calibration point used in the latter one. It shifted the crown age of the South American freshwater clade from the Middle Miocene (as assumed by Aschliman et al., 2012) into the Middle Eocene (as proposed by Adnet et al., 2014) . However, the hereinferred crown age of stingrays and the timing of a shift in diversification rate at 120 Myr are also supported by new palaeontological studies that reported first stingray species during the Early Cretaceous as well as a marked increase in batoid diversification events during this time period (Underwood et al., 1999; Guinot & Cavin, 2016) .
Our results are also congruent with the assumptions of Bloom & Lovejoy (2011) and Lucifora et al. (2015) , suggesting that the colonization of South American freshwater systems took place between the Late Cretaceous and the Early Eocene. In contrast, Southeast Asian river systems were colonized not before the Eocene by ancestors of the genus Himantura, whereas ancestral populations of D. laosensis entered freshwater habitats even more recently during the Late Miocene (Fig. 3) . This is highly congruent with age estimates of freshwater pufferfishes, indicating that the Mekong Basin and Indo-China were colonized c. 50 Myr ago (Yamanoue et al., 2011) , and more recently in the last 10 Myr (Santini et al., 2013) , respectively. The phylogenetic position of U. asperrimus suggests that the African freshwater system was colonized by the congeneric U. ukpam not before the Early Eocene. This time period matches with reported freshwater colonization events in West Africa by herrings and pufferfishes about 25-50 Myr ago and 17-38 Myr ago, respectively (Wilson et al., 2008; Yamanoue et al., 2011) . Freshwater colonization events in Central Africa as well as Northern Australian river systems need to be further explored.
Although we think that the novel timeframe of evolutionary events inferred in the current study is robust, the absolute ages of these events do not affect the results of our study in terms of frequency and mode of transition to freshwater systems or shifts in diversification rates (see below). Fig. 2 Estimation of ancestral distribution patterns. Ancestral area estimation obtained from the BioGeoBEARS analysis. At each node, the most likely ancestral area prior to the subsequent speciation event is shown. Symbols at the edges of the respective node display the most likely estimate of the ancestral areas of the two daughter species directly after the speciation event. Different areas before and after cladogenesis indicate vicariant speciation. The asterisk refers to a marine congener of the Central African freshwater species Urogymnus ukpam.
Freshwater lifestyle: transition and diversification processes
Previous evolutionary studies revealed that freshwater fish richness mainly depends on two major factors: the transition into and the diversification within these habitats (Betancur-R et al., 2012; Santini et al., 2013; Seehausen & Wagner, 2014) . Therefore, we first discuss the palaeogeographic history and ancestral biogeographical patterns as well as relevant ancestral habitat states in the context of colonization pathways and mode of habitat transition. Then, speciation upon successful colonization of freshwater systems will be discussed in the light of benefits and limitations.
The inferred ancestral distribution patterns (Fig. 2 ) indicate that marine ancestors of freshwater stingrays most likely occurred in the tropical Eastern Pacific (Potamotrygonidae), central Eastern Indo-Pacific (Himantura and Urogymnus), and temperate Northern Pacific (D. laosensis). These biogeographical patterns of tropical freshwater colonization are mirrored by the one of pufferfishes (Yamanoue et al., 2011) , anchovies (Bloom & Lovejoy, 2012) and catfishes (Betancur-R, 2010) , and support the finding that freshwater colonization events took place in areas of highest freshwater fish species richness (Mooi & Gill, 2002) .
Transition to fresh water potentially occurred once in South America and three times independently in Southeast Asia (Fig. 3) . Assuming that the Asian freshwater stingray D. laosensis and the African species D. garouensis are not sister species, at least two additional colonization events took place in Central Africa, albeit the respective species (U. ukpam and D. garouensis; Froese & Pauly, 2014) are not included in the present study. Due to software limitations, we performed this ancestral habitat estimation solely with the suboptimal model of anagenetic but not cladogenetic habitat transitions (see Section Freshwater Colonization Pathways and Diversification Rate Analyses); however, the revealed minimum number of four independent transitions to fresh water is robust because it equals the most parsimonious scenario.
If we only consider the timing of freshwater colonization events, then they roughly correlate with periods of some major marine incursions: (i) South American stingray habitats: a large progressively desalinized inland sea was formed due to the blockage of the westward drainage of the Amazon River into the Pacific and its estuary (Bloom & Lovejoy, 2011) by the uplift of the Andean Cordillera in the Late Cretaceous to Palaeogene (Lundberg et al., 1998; Mora et al., 2010) ; (ii) Southeast Asian stingray habitats: a shallow marine basin associated with the uplift of the Tibetan Plateau (c. 50 Myr; Fig. 4 Habitat-related diversification and mode of habitat transition in stingrays. Maximum-likelihood point estimates (vertical lines) and Bayesian uncertainty inference (density distribution) of (a) habitat-related speciation, (b) anagenetic, and (c) cladogenetic transition rates among habitats obtained by the ClaSSE analysis. Horizontal lines show the 95% HPD interval of the Bayesian inference, and nonoverlapping ranges indicate credible differences in rates. For this model, extinction rates were specified to be equal for all three habitats and direct transitions between marine and fresh water were not allowed. Fig. 3 Ancestral habitat estimation in stingrays. Ancestral habitat estimates (marine, brackish water, and fresh water) obtained by the MuSSE analysis. Pie charts at each node show marginal probability of habitat states, and the asterisk refers to a marine congener of the Central African freshwater species Urogymnus ukpam. Royden et al., 2008) may have triggered allopatric speciation in ancestral marine lineages, giving rise to the extant freshwater fish fauna (Yamanoue et al., 2011) ; (iii) Central African stingray habitats: a large epicontinental sea extended from North to West Africa from the Late Cretaceous to the Early Eocene (Guiraud et al., 2005) . Based on our inferred divergence times (considering the large 95% HPDs) and the uncertainty in dating the marine incursions, any difference in ancestral habitat estimation between the presented anagenesis- (Fig. 3) and the unfeasible cladogenesis-based reconstruction should be negligible. The main difference between both estimations is whether the freshwater colonization occurred along a branch (anagenesis) or directly at its base during a speciation event (cladogenesis). However, the combined uncertainty of the inferred ages of marine incursions and the species divergence is typically higher than the length of each respective branch in our phylogeny.
Irrespective of the ancestral habitat estimation, the strongest support for freshwater colonization through marine incursions comes from the coefficients of the ClaSSE models. The best-performing model and four similarly well-performing models (DAIC < 4) did not include any anagenetic transitions from brackish into fresh water (Fig. 5 & Table S6 ; for their high power, see Table S7 ), suggesting a strictly cladogenetic mode of freshwater colonization. Rates of cladogenetic transition from marine to brackish water were close to zero (Fig. 4) , indicating no major effect of marine incursions at this first step of freshwater colonization. Thus, our results most likely suggest an evolutionary scenario of (i) marine species inhabiting marine incursions and adapting to brackish water during desalinization of inland seas through riverine inflow (i.e. anagenesis) and (ii) the subsequent colonization of fresh water by vicariant speciation. This is congruent, for example, with the scenario of freshwater colonization by potamotrygonids assuming that a marine lineage was trapped in a progressively desalinized inland sea and gave birth to the extant freshwater family (Brooks et al., 1981) .
However, four models that could not be distinguished from the best-performing model (DAIC < 4) included anagenetic transitions to fresh water. Three of them include additionally cladogenetic transitions, whereas one model features anagenetic transitions to fresh water only. This suggests that some of the independent colonization events of fresh water were anagenetic transitions. A possible alternative anagenetic scenario to freshwater colonization via marine incursions involves opportunistic entries through estuaries as previously suggested for Neotropical fishes (Lovejoy et al., 2006) . In this scenario, (i) an opportunistic marine lineage disperses into brackish water habitats and (ii) the brackish water lineage enters fresh water (Table S6 , Model 7). In summary, our models support a combined effect of cladogenetic and anagenetic habitat transitions, with some species colonizing fresh water by vicariance and others through, for example, river entries.
Interestingly, and against our predictions, the results of the current study indicate that freshwater lineages diversified at equal rates compared to marine congeners and that brackish water lineages speciated at significant lower rates among all diversification models tested. We also found potentially high extinction rates in brackish water compared to those in marine and freshwater lineages (Table S6 ). Our power analyses showed that the estimated diversification rates are robust and not a falsenegative result, although the high extinction rate in Table S6 and for better legibility, all values given in this figure are multiplied by 1000.
brackish water lineages might be a false-positive signal (Table S7) . Significantly lower speciation rates were also observed in brackish water pufferfishes by Santini et al. (2013) , although the transition rates among habitats would need to be assessed to make a thoughtful comparison to our results.
In our study, all supported models showed that the transition rate out of brackish water was higher than the brackish water diversification rate, resulting in the observed low probabilities of ancestral brackish water habitats at the nodes of our phylogeny. It further indicates that species selection (sensu Rabosky & McCune, 2010) may force species back into marine or forth into freshwater systems. However, adding the rate of anagenetic and cladogenetic habitat transitions, a scenario of an elevated backward transition is favoured (Table S6 ). The combined effect of the preferred backward transition and the low diversification rate in brackish water habitats results in a short lineage persistence time, not long enough to enable a successful colonization of fresh water and subsequently being responsible for the low species richness in freshwater habitats. This may indicate that the first two adaptive stages, defined by Ballantyne & Robinson (2010) , potentially impose the strongest physiological constraints during habitat transition. Thus, brackish water habitats may represent an important evolutionary bottleneck for the colonization of fresh water by stingrays.
However, after successful freshwater colonization, diversification rates increase again to a magnitude equal to those in marine lineages. Although the biotic and abiotic factors being responsible for this renewed increase in diversification rates remain largely unknown, we suggest two potential explanations. First, stingrays are generalist feeders (Almeida et al., 2010) that evolved a variety of hunting strategies (Garrone-Neto & Sazima, 2009) , potentially promoting ecological speciation. Second, the viviparous mode of reproduction found in stingrays has been suggested to promote diversification in freshwater systems (Helmstetter et al., 2016) .
Concluding remarks
Our study suggests similar modes of transition into freshwater habitats in bony and cartilaginous fishes. Stingrays colonized fresh water at least four times independently since the Late Cretaceous. Our results indicate that vicariance events are the main driver of freshwater colonization by stingrays, suggesting a pivotal role of marine incursions. Low diversification and unequal overall transition rates among habitats indicate that brackish water systems are an evolutionary bottleneck for freshwater colonization, forcing brackish water lineages back into marine habitats. Finally, the renewed increase in diversification rates in freshwater lineages may reflect processes of ecological speciation driven by adaptation to new niche space.
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